The production of intense neutron beams via thermonuclear reactions in laser-generated plasmas is investigated theoretically. So far, state-of-the-art neutron beams are produced via laser-induced particle acceleration leading to high-energy particle beams that subsequently interact with a secondary target. Here we show that neutron beams of similar intensity and two orders of magnitude narrower bandwidth can be obtained from thermonuclear reactions in plasmas generated by Petawatt-class lasers. We study to this end the reaction 2 H(d, n) 3 He in plasmas generated by Petawatt-class laser interacting with D2 gas jet targets and CD2 solid-state targets. The use of CD2 solid-state targets can also allow the direct measurement of the nuclear reaction rates at low temperatures and show great enhancement on the plasma screening comparing to the case of D2 gas jet targets, opening new possibilities to study these two so far unsolved issues in the field of astrophysics.
The production of intense neutron beams via thermonuclear reactions in laser-generated plasmas is investigated theoretically. So far, state-of-the-art neutron beams are produced via laser-induced particle acceleration leading to high-energy particle beams that subsequently interact with a secondary target. Here we show that neutron beams of similar intensity and two orders of magnitude narrower bandwidth can be obtained from thermonuclear reactions in plasmas generated by Petawatt-class lasers. We study to this end the reaction 2 H(d, n) 3 He in plasmas generated by Petawatt-class laser interacting with D2 gas jet targets and CD2 solid-state targets. The use of CD2 solid-state targets can also allow the direct measurement of the nuclear reaction rates at low temperatures and show great enhancement on the plasma screening comparing to the case of D2 gas jet targets, opening new possibilities to study these two so far unsolved issues in the field of astrophysics.
Thermonuclear reactions occur in plasma environments in which the thermal energy of the ions can overcome the electrostatic repulsion in a collision between nuclei, leading to nuclear reactions [1] . The development of laser technology in the past decades provides a powerful tool for the study of nuclear reactions in laser-generated plasmas. As plasma is the most abundant form of matter in the universe, the latter provides the opportunity to access parameter regimes which can not be accessed in accelerator-based experiments, such as the direct measurements of nuclear reactions in nucleosynthesis-relevant energies and the role of the plasma effects on nuclear reactions [2] [3] [4] [5] , and might thus significantly advance our understanding of astrophysical environments. On the other hand, industrial applications of such studies, such as laser-induced ignition which makes fusion energy a viable alternative energy source [5] [6] [7] , have also attracted a great deal of attention.
Neutron production is one of the key areas of the field of nuclear reactions in laser-generated plasmas [8] [9] [10] [11] [12] [13] . Normally the experimental access to high neutron flux is mainly at large-scale reactor and accelerator-based facilities. However, the development of Petawatt-class laser provides the opportunity of having intense neutron beam generated by comparatively smaller-scale laser facilities [11] [12] [13] . The common solution for neutron production in the Petawatt-class laser facilities is via high-energy particle beams interacting with a secondary target, in which the lasers are used for the acceleration of particles [11] [12] [13] . In this manner, intense neutron beams with the order of 10 9 -10 10 per pulse can be obtained [11] [12] [13] . Neutrons produced from thermonuclear reactions in plasmas at a few keV temperatures have a much narrow energy spectrum comparing to the neutrons produced via high-energy ion beams interacting with a secondary target. In this letter, we study the intense neutron beams produced from thermonuclear reactions in laser-generated plasmas. We analyze the reaction 2 H(d, n)
3 He in plasmas generated by Petawatt-class laser interacting with D 2 gas jet targets and CD 2 solid-state targets. Narrow band-width and intense neutron beams can be obtained from thermonuclear reactions in plasmas generated by Petawatt-class lasers, which are about two orders of magnitude narrower in the neutron-energy bandwidth and reach in the intensity a similar order comparing to the state-of-the-art neutron beams produced in similar laser facilities [12] . Such intense and narrow band-width neutron beams have numerous applications in both industry and fundamental research, such as the interrogation of material and life science [14, 15] , nuclear fission and fusion research [16] , and neutron capture experiments for fundamental nuclear physics and nuclear astrophysics [17] . The use of CD 2 solid-state targets can enhance the neutron production. In addition, the use of CD 2 solid-state targets can also lead to direct measurements of the reaction rates at low temperatures and great enhancement on the plasma screening comparing to the case of D 2 gas jet targets, offering the possibility to access to these so far unsolved issues in the field of astrophysics [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] .
We first study the neutron events as functions of plasma temperature adopting a general spherical plasma model, and calculate the neutron spectra. Then we model the plasma formation by the scaling law method for D 2 gas jet targets, and the particle in cell (PIC) method for CD 2 solid-state targets. Plasma screening effects for thermonuclear reactions are discussed in the end to show the astrophysical interests of the present study.
The reactions of interest can be expressed as n 1 +n 2 → n 3 + n 4 , where n k stands for the number of the nuclear species k. The reaction rates per unit volume are then given by [31] 
where ρ is the matter density, N A is Avogadro number, and
is the mass fraction and A k is the mass number). The total event number N t is then given by
Assuming a uniform plasma with a spherical shape, the total event number is N t = P 12 V τ p with the plasma volume V and the plasma lifetime τ p . The plasma lifetime can be provided by the hydrodynamic expansion [32, 33] ,
where R p is the plasma radius, m ion is the ion mass, T e is the plasma temperature, and Z ion is the ion charge state. We first consider the reaction 2 H(d, n) 3 He with a Qvalue of 3.269 MeV in plasmas generated by D 2 gas jet targets. The highest density of gas jet targets so far is around 10 21 cm −3 [34, 35] . In this case, the plasma volume can be estimated by V = E laser f abs /[T (n ion + n e )], where E laser is the laser pulse energy and f abs is the total laser absorption fraction. The numbers of the neutron events per laser shot as functions of plasma temperature are shown in Fig. 1 , for selected deuterium number densities n d . A laser pulse with energy E laser = 500 J and the total laser absorption fraction f abs = 0.1 are adopted. The reaction rates of 2 H(d, n) 3 He are adopted from the NACRE II database [31] . As shown in Fig. 1 , the neutron events reaches the maximal value ∼ 10 9 per pulse at temperature ∼ 10 keV. Neutron events as function of temperature in plasmas generated by D2 gas jet targets and CD2 solid-state targets.
Here, a laser pulse with energy E laser = 500 J is adopted, and carbon and deuterium ions are assumed to be fully ionized. For gas jet targets, the total laser absorption fraction f abs = 0.1 is adopted. For CD2 solid-state targets, the total laser absorption fraction f abs = 0.2 are adopted and the carbon number density of the target is 4 × 10 22 cm −3 . The top frame shows the laser intensity to generate the plasma according to the scaling law, and it is valid for the gas jet case.
These results show that the high density of the target case is more advantageous. In addition, high-density case is of particular interest also in astrophysics, since the density in astrophysical environments is normally extremely high. Therefore, we consider also a CD 2 solid-state target. By adopting the simple spherical plasma model, we can obtain the neutron events in this case, which are shown also in Fig. 1 . Significantly large number of events can be achieved even for temperature around 10 6 K (∼ 100 eV). This may allow us to make direct measurements of the reaction rates at low temperatures, to avoid the dangers of the extrapolation of the experimental data from the accelerator-based experiments to the energy region of astrophysical interests [2, 18, 31] . We note here that, so far, the lower limit of the c.m.s. energy for the reaction 2 H(d, n) 3 He covered by the experimental data is a few keV [31] . The result also shows that the neutron events reaches the maximal value ∼ 10 10 per pulse at temperature ∼ 10 keV. We note here that the angular distribution of the neutrons produced from thermonuclear reactions is isotropic. If one uses this neutron source as neutron beam with a certain direction, then only part of the neutron can be used. However, the neutron beams produced via laser-induced particle acceleration leading to high-energy particle beams that subsequently interact with a secondary target have also quite large angle divergence or even are isotropic [11] [12] [13] . Thus, the intensity of the neutron beams reached here is comparable. In order to calculate the neutron spectra, we follow the relativistic calculation of fusion product spectra for thermonuclear reactions introduced in Refs. [36, 37] . Based on the relativistic kinematics, one obtains the average energy <E> of neutrons produced from the thermonuclear reaction in a plasma [36, 37] , <E >= E 0 + ∆E th , where E 0 is the neutron energy at T = 0 (E 0 = 2.4495 MeV for the reaction under consideration [36, 37] ), and ∆E th is the thermal peak shift. The full width at half maximum (FWHM) of the neutron spectra can be described by [36, 37] , W 1/2 = ω 0 (1 + δ ω ) √ T , where ω 0 is the T → 0 limit for W 1/2 / √ T , and δ ω (T ) is the correction term. ω 0 = 82.542 keV 1/2 for the reaction 2 H(d, n) 3 He [36, 37] . Interpolation formulas were obtained [36, 37] for the peak shift ∆E th and the correction term δ ω for the width, where the expression
is valid for 0 < T < 40 keV, and
for 30 < T < 100 keV. The values of the parameters α i can be found in Refs. [36, 37] . The average neutron energy and FWHM of the neutron spectrum for the reaction 2 H(d, n) 3 He as functions of plasma temperature are shown in Fig. 2 . The result shows that for a plasma with temperature of a few keV, the FWHM of the spectrum of the produced neutrons is of the order of 100 keV, which is about two orders of magnitude narrower than the one that neutrons produced via laser-induced particle acceleration leading to highenergy particle beams that subsequently interact with a secondary target [12] . Now we turn to the conditions of the generation the plasmas in laser experiments. For low density cases, i.e., the plasmas generated by D 2 gas jet targets, following a similar way in Refs. [38, 39] , we can connect the laser parameter to the result by the scaling law
where I 16 is the laser intensity in units of 10 16 W/cm 2 and λ µ is the wavelength in microns [40] [41] [42] . The result of neutron events from the reaction 2 H(d, n) 3 He in plasmas generated by D 2 gas jet targets is shown in Fig. 1 (see the top frame). Here, a laser wavelength 1.053 µm is adopted. It is shown that the laser intensity at a few times of 10 16 W/cm 2 is favourable for the neutron production in plasmas generated by D 2 gas jet targets. We note here that the scaling law (6) is applied for the nonrelativistic case, hence the prediction for high laser intensity (∼ 10 18 W/cm 2 ) should not be precise. However, in the present case we focus on the temperature of a few keV (corresponding to laser intensity in the order of 10
16

W/cm
2 ); the result for high laser intensity is shown here for the sake of comparison.
We now turn to the high density case. Experiments and simulations have shown that it is possible to heat targets at solid-state density to temperatures of a few hundred eV or even a few keV [38, [43] [44] [45] . Since in this regime the heating of the target is mainly conducted by secondary particles, i.e., hot electrons generated in the laser-target interaction, a more sophisticated model is necessary compared to the low-density case. In order to study plasmas at solid-state density, PIC method is adopted. We have performed a 2-dimensional (2-D) PIC simulation by using the EPOCH code [46] . A CD 2 target with the carbon number density of 4 × 10 22 cm −3 is adopted. The thickness of the target is 1 µm (x-axis) and the length of the target is 5 µm (y-axis). The laser is adopted, and carbon and deuterium ions are assumed to be fully ionized. The laser has a Gaussian profile in time with a FWHM of 100 fs and a Gaussian profile in the y-axis with a FWHM of 2 µm. The peak intensity of the laser is 10
18
W/cm 2 and the laser wavelength is 1.053 µm. For the neutron distribution (c), a laser pulse energy of 500 J is assumed.
propagates along the x-axis, and it has a Gaussian profile in time with a FWHM of 100 fs and a Gaussian profile in the y-axis centring at the center of the target with a FWHM of 2 µm. The peak intensity and wavelength of the laser are 10 18 W/cm 2 and 1.053 µm, respectively. The size of the simulation box is 4 µm ×6 µm, and the target is located at the center of the simulation box. A linear preplasma with thickness 0.5 µm is considered in front of the target. Carbon and deuterium ions are assumed to be fully ionized. The electron temperature in the solid-target region at 2.5 ps is shown in Fig. 3(a) . It is shown that the target can be heated to a few keV at the solid-state density in the laser focal spot. With such density and temperature, we obtained the neutron production rate per unit volume of the reaction 2 H(d, n) 3 He, shown in Fig. 3(b) .
By assuming a laser pulse energy of 500 J and estimating the plasma lifetime by the hydrodynamic expansion, we calculate the neutron production events and the neutron spectrum. The neutron distribution (dN t /dE n ) from the whole solid-target region is shown in Fig. 3(c) as a function of neutron energy E n . An intense neutron beam with a peak excesses 10 9 MeV −1 is obtained. This reaches a similar order as the state-of-the-art neutron beams produced in similar laser facilities via laserinduced particle acceleration leading to high-energy particle beams that subsequently interact with a secondary target [12, 13] . The advantage of the such an intense neutron beam is that its bandwidth is much narrow.
Comparing with results in Ref. [38] , one may expect that lasers with longer duration can heat the target to a higher temperature, which can reach the optimal temperature shown in Fig. 1 , leading to a higher number of produced neutrons. In the opposite, it is expected that lasers with shorter duration can heat the target to a lower temperature with astrophysical interests.
As a further advantage, adopting the solid-state target to study nuclear reaction in laser-generated plasmas also allows us to analyze plasma screening effects for thermonuclear reactions [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . Nuclear reactions could be drastically affected inside plasmas, owing to the charge screening effects. Due to the plasma screening effects, the reaction rate can be enhanced by a factor [1] , < σv > scr = g scr < σv >. In weakly coupled plasmas, i.e., plasmas in which the Coulomb interaction energy between the nucleus and the nearest few electrons and nuclei is small compared to the thermal energy T , the screening enhancement factor is given by [19] [20] [21] 
, where λ D is the Debye length, α is the fine-structure constant, and Z 1 and Z 2 are the nuclear charges of the reactants. The result for the plasma screening enhancement factor the reaction 2 H(d, n) 3 He calculated by the week screening as functions of plasma temperature in plasmas generated by D 2 gas jet targets is shown in Fig. 4 , for the case of deuterium number density n d = 10 21 cm −3 . It is shown that the plasma screening effect for the reaction 2 H(d, n)
3 He in plasmas generated by D 2 gas jet targets is basically negligible. However, the plasma effect is greatly enhanced in the case of CD 2 solid-state targets, as shown in Fig. 4 . As the neutron events are large enough for low temperatures in the case of CD 2 targets shown in Fig. 1 , it may lead to the possible of the direct measurement of plasma screening effects for thermonuclear reactions.
Furthermore, since the density of the CD 2 target is quite high, the low temperature plasma generated by the target may reached the condition for strong screening [19] , Z 1 < ρ 1/3 and 0.23Z plasma temperature in units of 10 6 K. In this case, the plasma screening enhancement factor is given by g scr = exp 0.205 (Z 1 +Z 2 ) 5/3 −Z . The strong screening enhancement factor for the case of CD 2 solid-state target is also shown in Fig. 4 as a function of plasma temperature. For temperature of ∼ 10 6 K, the strong screening enhancement factor is significantly different from the weak screening one, which could lead to the experimental determination of the strong screening effect for fusion reactions in plasmas.
In conclusion, we have studied the intense neutron beams produced from thermonuclear reactions in lasergenerated plasmas. The reaction 2 H(d, n) 3 He in plasmas generated by Petawatt-class laser interacting with D 2 gas jet targets and CD 2 solid-state targets has been analyzed. We have shown that neutron beams of similar intensity and about two orders of magnitude narrower bandwidth can be obtained from thermonuclear reactions in plasmas generated by Petawatt-class lasers, as comparing with the state-of-the-art neutron beams produced via laserinduced particle acceleration leading to high-energy particle beams that subsequently interact with a secondary target [12, 13] . We have shown also the advantages of the use of CD 2 solid-state targets in the study of thermonuclear reactions for the astrophysical interests, i.e., direct measurements of the reaction rates at low temperatures of nucleosynthesis-relevant energies and great enhancement on the plasma screening comparing to the case of D 2 gas jet targets, opening new possibilities to study these so far unsolved issues in astrophysics.
